Effects of Behavioral Changes in a Smallpox Attack Model

S. Del Valle'?, H. Hethcote?, J. M. Hyman ! and C. Castillo-Chavez!®
L Center for Nonlinear Studies (CNLS) and Mathematical Modeling and Analysis Group (T-7),
Los Alamos National Laboratory, Los Alamos, NM 87545
2Department of Applied Mathematical & Computational Sciences, University of Iowa,
McLean Hall, Iowa City, IA 52242
3 Department of Biological Statistics and Department of Mathematics & Statistics, Arizona State University,
PSA, Tempe, AZ 85287-1804

LA-UR 03-8499

*Corresponding author. Tel.:+1-201 892 4208; fax:+1-505 665 2659.

E-mail address: sara@cnls.lanl.gov (S. Del Valle).



Abstract

The impact of individual and community behavioral changes in response to an out-
break of a disease with high mortality is often not appreciated. Response strategies to a
smallpox bioterrorist attack have focused on interventions such as isolation of infectives,
contact tracing, quarantine of contacts, ring vaccination, and mass vaccination. We for-
mulate and analyze a mathematical model in which some individuals lower their daily
contact activity rates once an epidemic has been identified in a community. Transmission
parameters are estimated from data and an expression is derived for the effective repro-
duction number. We use computer simulations to analyze the effects of behavior change
alone and in combination with other control measures. We demonstrate that the spread
of the disease is highly sensitive to how rapidly people reduce their contact activity rates
and to the precautions that the population takes to reduce the transmission of the disease.
Even gradual and mild behavioral changes can have a dramatic impact in slowing an epi-
demic. When behavioral changes are combined with other interventions, the epidemic is
shortened and the number of smallpox cases is reduced. We conclude that for simulations
of a smallpox outbreak to be useful, they must consider the impact of behavioral changes.

This is especially true if the model predictions are being used to guide public health policy.

Key Words: Smallpox, mathematical model, behavioral changes, vaccination, isolation,

quarantine, sensitivity analysis.



1 Introduction

Deliberate releases of biological agents such as smallpox had not been considered likely, but the
terrorist attacks of September 11, 2001 altered this viewpoint. Concern that smallpox could
be used as a biological weapon has prompted scientists and government officials to prepare
emergency response plans in the event of a deliberate or accidental release [19]. The recent
massive smallpox vaccination of U.S. military and medical personnel suggests that the risk of a
smallpox attack is not considered negligible [16]. Mass vaccination followed by control measures
such as the isolation of infecteds, contact tracing, quarantine, ring vaccination (around smallpox
cases), and mass vaccination were used in the eradication of smallpox in the 1970s [13]. The
smallpox response policy of the Center for Disease Control and Prevention (CDC) includes the
statement, “Any vaccination strategy for containing a smallpox outbreak should use the ring
vaccination concept. This includes isolation of confirmed and suspected smallpox cases with
tracing, vaccination, and close surveillance of contacts to these cases as well as vaccination of
the household contacts of the contacts” [6]. However, CDC’s policy does not explicitly take
into account the impact of individuals’ decisions to change their behavior.

In addition to the public health interventions mentioned above, there would be changes in
behavior in the affected population in response to a smallpox attack. For example, people could
decide to wash their hands more frequently, wear protective masks, and avoid crowded places,
fever clinics could be opened, fever checks could be instituted at transit sites; schools, theaters,
bars, and libraries could be closed, social and sports events could be canceled, people could

stay home from work, and businesses could close. It is surprising that the likely occurrence of



these behavior changes has not been included explicitly in previous computer simulations of
a smallpox epidemic. Without including behavioral changes, the simulations will predict the
“worst” possible scenario. Recent experiences with the SARS epidemics show that an outbreak
of a deadly disease like smallpox would generate dramatic behavioral changes [1, 8, 30, 35].
Lack of understanding and government planning for how people would react during a smallpox
epidemic could significantly delay or eliminate the benefits of behavioral changes. Responses
to an infectious disease in a community can reduce morbidity and mortality; for example,
significant changes in behavior among men who have sex with men have been credited with
decreases in prevalence of HIV/AIDS and other sexually transmitted diseases [17, 20, 24, 25,
41].

The transmission of smallpox has some similarities to that of SARS. Both are spread by close
contacts with infected individuals, contaminated objects, or airborne virus particles. Both have
high case morality rates. Transmission of both SARS and smallpox occur more frequently in
households and hospitals. Fortunately in the case of smallpox, there is a relatively safe vaccine.
Smallpox vaccination side effects while rare can be serious and include postvaccinal encephalitis,
progressive vaccinia, eczema vaccinatum, generalized vaccinia, and accidental infection [29].
The risks are relatively low, since for every one million smallpox vaccinations, an average of 40
people have complications and one person dies. The US policy of routine smallpox vaccination
was discontinued over three decades ago. Hence the pool of susceptible individuals has increased
dramatically. The smallpox virus is still kept in laboratories in the United States and Russia,

and may exist in other countries [10].



Mathematical models of the transmission of infectious agents can be useful tools in under-
standing patterns of disease spread and assessing the effects of different interventions [20, 25].
Several recent papers have used mathematical models for the dynamics of smallpox outbreaks
in attempts to study the effects of various public health measures such as mass vaccination,
isolation of infectives, contact tracing with quarantine and vaccination of contacts, and ring
vaccination around infectives. Meltzer et al. [33] used a Markov chain model to evaluate the
rates of mass vaccination and isolation of infectives needed to reduce the average transmissions
per case to less than one, but they did not consider contact tracing and ring vaccination. They
concluded that delays in interventions would lead to more cases and that an integrated ap-
proach that uses both quarantine and vaccination would be effective. Kaplan et al. [27] used
simulations of a deterministic model in a population of 10 million people to compare the rela-
tive effectiveness of mass and ring (traced) vaccination for reducing the impact of a smallpox
release. Using a model that assumed high infectivity in the prodromal period, they found that
mass vaccination would lead to fewer deaths and faster eradication.

Halloran et al. [18] used a stochastic simulation of smallpox in a community of 2000 people
in their efforts to compare mass and ring vaccination policies. In their model which also
assumed high infectivity in the prodromal period, they found that timely mass vaccinations
would be more effective than targeted vaccinations, provided that there was no preexisting
immunity. However, they also noted that targeted vaccination would be more competitive in
the presence of preexisting immunity. Bozzette et al. [5] used a stochastic model that kept

track of adverse vaccination effects to estimate smallpox deaths under various smallpox attack



scenarios. They concluded that prior vaccination of health care workers would be beneficial
unless the likelihood of an attack was very low. A review article by Ferguson et al. [14]
discussed the use of mathematical models in planning for smallpox outbreaks and compared
the model formulations and results of the four papers above.

Eichner [12] used stochastic computer simulations to show that contact tracing and case
isolation could control smallpox outbreaks. Kretzschmar et al. [28] used a stochastic branching
process model to show that a policy of ring vaccination of contacts of infected people would be
sufficient to control a smallpox epidemic. However, the size and duration of the outbreak could
be large depending on the average time to smallpox diagnosis and the average time needed to
trace and vaccinate contacts of infectives.

Castillo-Chavez et al. [2] developed a more elaborate model that incorporated the im-
portance of transient populations on the transmission dynamics of smallpox. This model
incorporated multiple environments (mass transportation). They found that control measures
(vaccination) should be aimed at both local and transient populations and that delays in im-
plementations could be catastrophic. They showed that a policy which focuses only on local
populations would not be sufficient, so that global approaches would be needed.

Surprisingly, none of the mathematical models cited above incorporate behavioral changes.
Consequently, they are likely to overestimate the size of an outbreak or the magnitude of the
interventions necessary to control one. In this paper, the effects of population behavioral
changes in conjunction with various control approaches after a smallpox release are explored.

It is shown that behavioral changes alone can make a huge difference. It is also shown that



the impact of standard control efforts are dramatically enhanced when the individuals affected
play an active role in diminishing the likelihood of transmission.

The rest of this paper is organized as follows. The interventions are described in Section
2 and the model is formulated in Section 3. An expression for the effective reproduction
number is derived in Section 4 and parameters are estimated in Section 5. Section 6 contains
the simulation results showing the impact of intervention strategies and behavioral changes.
The results of sensitivity analyses to determine the effects of changes in the values of model

parameters are given in Section 7. Section 8 is devoted to discussion and conclusions.

2 Smallpox Interventions

The CDC smallpox response strategy suggests that the highest priority is isolation of confirmed
smallpox cases [6]. Isolation usually means that people infected with smallpox either stay home
where they have minimal contacts with other people or are placed in isolation centers where
careful procedures are followed to prevent or reduce transmission. Isolation is simulated in
our model by moving a fixed proportion of the infectious class containing confirmed cases of
smallpox to the isolated class each day.

The next priority in the CDC smallpox response strategy is tracing, vaccination, and close
surveillance of contacts of the smallpox cases. The “tracing ... and close surveillance part”
corresponds to using quarantine, which is the identification by contact tracing and separation of
people who might be infected because they may have had a contact with a person infected with

smallpox. This separation could be achieved by requiring these people to stay home and avoid



unnecessary contacts or by placing them in special quarantine centers. However, quarantine
is likely to be maintained with the least restrictive measures possible to minimize the burden
of quarantine and to facilitate compliance [3]. Because smallpox has a long incubation period,
quarantined people might be allowed to conduct their normal daily activities as long as they
make daily reports on their body temperature. The “isolation of ... suspected cases” in the
CDC smallpox response strategy could correspond to immediate isolation of quarantined people
who are suspected to have smallpox (e.g. those with a fever). Thus the goal of quarantining
with daily surveillance is to identify and isolate new infecteds before they can infect others. In
our simulation model the quarantine class contains individuals in the incubation period, who
were infected during a contact with a smallpox infective and found by contact tracing. People
who were suspected of having a contact with a smallpox infective and were found by contact
tracing, but did not become infected, remain in the susceptible class. Thus in the simulations
the number quarantined is the total of the infected and uninfected people who were quarantined
after being found by contact tracing.

In the second priority in the CDC smallpox response strategy, “vaccination ... of contacts
of the smallpox cases” is usually called ring vaccination. The “vaccination of the household
contacts of the contacts” in the CDC smallpox response strategy is a type of second order ring
vaccination. This seems to be part of the CDC concept that the size of the ring around a case
or contact may be modified by expansion or contraction, depending on epidemiological and
logistical factors [6]. In our simulations ring vaccination corresponds to vaccination of infected

and uninfected quarantined cases who have been found through contact tracing.



The CDC smallpox response strategy gives five reasons for not using “indiscriminate mass
vaccination,” but their priority list of the type of people who should be vaccinated is very
broad. CDC lists health care and laboratory personnel, law-enforcement and fire personnel,
people entering hospitals where smallpox cases are isolated, etc. [6]. Because other modelers
have considered mass vaccination, it is included in the simulations here, so that it can be
compared with the other interventions.

We live in a society where communications can be extremely fast and effective. After the
terrorist attack on September 11, 2001, airports were closed and bridges and tunnels in New
York City were closed to incoming traffic [39]. If a smallpox attack occurs, then personal and
community behavioral changes will occur and will be managed by public health officials. People
will be urged to avoid crowded places, travel will be restricted, schools will be closed, and public
events will be canceled. The large number of effective actions that individuals or communities
can take in order to reduce the risk of smallpox transmissions after a smallpox release may
be crucial in stopping the epidemic. Three possible conservative levels of behavioral change
(high, medium, and low) are included in our model simulations. These behavioral changes
are incorporated into our simulation model through the transfer of normally active individuals
to a less active class in which people have fewer daily contacts. Since people and community
officials would respond to media information about smallpox, the rates of behavioral change are
functions of the number of smallpox cases in the community. Because the smallpox epidemic
is assumed to occur in a short time, the simulation model does not include flow from the less

active class back to the normally active class.



Thus we use a simplified model of a single epidemic outbreak that includes behavioral

changes modeled by the permanent transfer of individuals during the outbreak to a less active

class with transfer rates that depend on people’s knowledge of the outbreak as measured by

the number of identified cases. The intervention strategies for controlling a smallpox outbreak

considered in our model are summarized below.

Isolation: Separation and confinement of people known to be infected with smallpox to

prevent them from transmitting the infection.

Quarantine: Separation or restriction of movement of people who are identified through

contact tracing as having been exposed to a smallpox infective.

Ring Vaccination: Vaccination of people who are identified through contact tracing as

having been exposed to a smallpox infective (i.e. quarantined people).

Mass Vaccination: Vaccination of people chosen at random from the population.

High Behavioral Change (HBC): A high percentage (2.3% per day) of people reduce

their daily number of contacts by a factor of ten.

Medium Behavioral Change (MBC): A medium percentage (2% per day) of people

reduce their daily number of contacts by a factor of ten.

Low Behavioral Change (LBC): A low percentage (1.6% per day) of people reduce

their daily number of contacts by a factor of ten.
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3 Formulation of the Model

The population is divided in two subgroups: normally active group (subscript n) and the less
active group (subscript £). People move to the less active group (reducing their average number
of contacts) in response to information about smallpox cases in the community. Individuals in
each activity group (j = n or £) are characterized by their epidemiological status: susceptibles
S;, exposed E; (i.e. people who are infected but not yet infectious), and infectious individuals ;.
People move to the V class when they are vaccinated, to () when they are an exposed (infected,
but not yet infectious) person who was traced as a contact of an infective and quarantined, and
to W when they are identified as an infective and are isolated. Infectious individuals can move
to the class D when they die from the infection or move to the recovered class R upon recovery.
Definitions of the eleven epidemiological classes are summarized in Table 1 and the transfers
between epidemiological compartments are shown diagrammatically in Figure 1. Because we
are interested in the effects of behavioral changes and interventions in a short time, births and
natural deaths are not included. This model extends previous epidemic models by allowing
susceptible people to transfer into a less active class [17, 22].

As seen in Figure 1, the transfer rates of people from the exposed classes F, and F; to
the infectious classes I, and I, are wE,, and wF,. Because people in ) are exposed (but are
quarantined and being watched), it is assumed that when they become infectious, they are
moved to the isolated class W, modeled here via the transfer rate w(). People in the infectious
classes I, and I, are moved to the isolated class at the rates 61, and 01,, die at the rates ul,

and ul,, and recover at the rates 61, and 61,. Similarly, people in the isolated class W either
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Variable | Definition

1% Number of vaccinated individuals.

S; Number of susceptible individuals in group j.
Q Number of quarantined individuals.

E; Number of exposed individuals in group j.

I; Number of infectious individuals in group j.
14 Number of isolated individuals.

R Number of recovered individuals.

D Number of dead individuals.

Table 1: State variables for the model in Figure 1. The subscript refers to normally active

individuals (j = n) or less active individuals (j = £).

die at the rate uW or recover at the rate 6W. Without behavioral changes, the mean times in
the infectious classes I,, and I, are 1/(0 + p + 0). Hence, the infectious fraction 6/(0 + p + 9)
are eventually isolated, the infectious fraction d/(6 + 1+ 0) recovers, and the infectious fraction
w/(@ + pu+0) dies as consequence of this disease. The mean time in the isolated class W is
1/(6 + p), so that the isolated fraction §/(6 + p) recovers while the remaining isolated fraction
p/(0 + p) dies.

We assume that the contact activity of all people in the population is normal before a
smallpox attack occurs and that the activity levels remain normal until people are notified that

a smallpox case has been identified in the community. The first people who become infected
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during a smallpox release enter the exposed class F,,. Some time later after these initial
infecteds become infectious and move into the I,, class, one or a few of them will be identified
as a smallpox infectives, triggering a control response. We define t; as the time, after the
smallpox release, when public health interventions start. We assume that the public is notified
at that time that smallpox cases have been identified in the community, so that behavioral
changes also start at time 2.

Of those in the susceptible classes S, and S; who become exposed (infected, but not yet in-
fectious), the fractions identified by contact tracing and quarantined are f,, and f;, respectively.
The vaccination rates in the susceptible classes 5, and S; are agS,, and asS;, respectively. The
rate constant ag corresponds to successful vaccination, so it is the product of a slightly higher
actual vaccination rate constant and the very high smallpox vaccine efficacy. Vaccination of
exposed individuals within a few days (i.e., vaccination on days 0-4 of the incubation period)
after exposure prevents illness in about 80% of people vaccinated, and later vaccination may
ameliorate symptoms and the infectiousness of infected individuals [32, 34]. Thus some ex-
posed people in the E,, E;, and @ classes who are vaccinated move to the vaccinated class
V. The exposed vaccination rate constants are ag and ag, so the vaccination rates are agF,,,
agk;, and ag@. Without behavioral change, the mean time in the exposed classes F,, and Ej
is 1/(ap + w), so that the fraction ap/(ar + w) are vaccinated and the fraction w/(ag + w)
become infectious. The mean time in the quarantined class @ is 1/(ag + w), so that the
fraction ag/(ag + w) are vaccinated and the fraction w/(ag + w) become isolated.

After they become aware of smallpox cases in their community at time ¢y, some normally
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active people change their behavior. The behavioral changes in these individuals are modeled
via the transfer of normally active people to the less active categories. The transfer rates are
assumed to depend on the prevalence of infected individuals in the population. Let ¢gS,,
vrkE,, and ¢;I, be the transfer rates from the S,,, E,, and I, classes to the Sy, Ey, and I,
classes, respectively. The rate coefficients (i.e. the per-capita transfer rates) are modeled by

the non-negative, bounded, monotone increasing functions given by

= . (1 ) = 1
vi = ¢illn + 1) 1+ b;(I, + I;) day (1)

fori =S, E,I [21]. In other words, the rate at which normally active individuals change their
behavioral rises as the disease prevalence increases, leveling off at a plateau given by a;/b;.
The parameters a; and b; are positive constants that modulate the rate of change. The 1/day
factor balances the units of the Equation 1. We assume that infected individuals are more
likely to change their behavior (and thus reduce the average number of contacts) because of
their physical condition, that is ps < g < ¢r. The impact of vaccine complications is assumed
to be small and hence neglected in the model. Models that incorporate vaccine-induced deaths
have been studied by Castillo-Chavez et al. [2], Halloran et al. [18], Kaplan et al. [27], and
others.

Using the transfer diagram in Figure 1, we arrive at the following nonlinear system of
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differential equations:

D

as(Sy + Se) + ap(En + Ep) + agQ
=Sy — (s + as) Sy,

—AeSe+ 955y — asSe,

faAnSn + fideSe — (w + ag)@Q

(1= fu)AuSn — (g +w + ag) By,
(1= fo)XeSe+ ¢pE, — (w+ ag)Ey,
wE, — (pr+p+0+0)1,,

wEe + orl, — (u+ 0+ 0)1,

0L, + 1) + wQ — (k+ W,

0L, + 1+ W),

p(ly + I+ W),

where A, and A, are the forces of infection (defined below). The definitions of the parameters

are summarized in Table 2.

We define A, and A;, by dividing the population into three categories: normally active

people (A,), less active people (A,), and confined people (A.), who are quarantined or isolated.

We assume that recovered and vaccinated people have contacts at normal levels. Thus the sizes

of the three active subgroups are A, = S, + E,+L,+R+V, Ay =S¢+ E;+1;, and A. = Q+W.

Let v,, ¢, and ~. be the average contact rates or contact activity levels of individuals in the

three subgroups. In our simulations it is assumed that the average number of contacts of

15



normally active people is 10 times higher than the average number of contacts of less active
people (7, = 107,) [20]. Furthermore, we assume that quarantine and isolation procedures are
effective, and the average number of contacts of less active people is ten times that of confined
people (7, = 107.). The average transmission probability per contact, /3, incorporates both
the average infectiousness of infected and the average susceptibility of susceptibles.

We assume that the mixing is homogeneous within each subgroup, but is heterogeneous
among subgroups [2, 24, 27]. Specifically, we assume proportionate mixing [20], so that the
contacts v, and 7, of people in the n and /¢ activity level classes are distributed among the

three subgroups in proportion to their fractional activity levels v for k=n, £, and ¢ given by

Vi Ak

¢k a fYnAn + 7[14[ + 70140.

The denominator is the total number of contacts of the three activity subgroups per unit time.
The fractions of people in subgroups n, ¢, and c that are infectious are I,,/A,,, I;/As, and W/A,,
respectively. Thus the fractions of contacts with infectious people in subgroups n, ¢, and c are
Unln/An, ¥ely/ A, and 1. W/A.. Incorporation of the probability of transmission per contact

B gives the forces of infection for the normally active and less active groups (j = n and £):

I, I W
Aio= B (%A—n + sz—Z + %Z) (3)

7 ’ynAn + WAZ + fYcAc

These forces of infection and appropriate initial conditions complete our model formulation.
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4 The Effective Reproduction Number .

Often the effectiveness of control efforts are measured by their ability to reduce the spread of
a disease in a given population. A common measure of the transmissibility of a disease is the
effective reproduction or replacement number .;;, which is the average number of secondary
cases produced by a typical infectious individual during its infectious period [22, 40]. In an
epidemic model the magnitude of the effective reproduction number ®.s; determines whether
or not an epidemic occurs and if so, its severity. The number of infections grows when the
effective reproduction number is greater than one, so that there is an epidemic outbreak, but
there is no outbreak when the effective reproduction number is less than one. In the absence
of interventions or behavioral changes, the model has an initial effective reproduction number

Rune (i-e. uncontrolled) given by

O0+pu N

(4)
This R,,. is the product of the contact rate +,, the fraction 5 of contacts that result in
transmission, the average infectious period 1/(d+ ), and the initial susceptible fraction Sy, /N,
for N=S,+E,+1I,+R.

The “next-generation operator” approach [40] can be used to find an expression for the
effective reproduction number R.;; for our epidemic model when isolation, quarantine, vacci-
nation, and behavioral changes are implemented in the population. The computation is done
by linearizing system (2) around the disease-free state and by identification of conditions that
guarantee growth in the infected classes. The disease-free state has Q, E,, Ey, I,, I;, and W

equal to zero with Sy,, Ry, Vo, and Sy, positive. But since we are not considering residual
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immunity from previous smallpox vaccination, then R, and Vj are also equal to zero. The

resulting six dimensional linearized system is of the form X = (F — V)X, where

T
X=|Q E, E, I, I, W |

0 0 0 fov2BSon+ femYeBSoc  fiviBSow + fam¥eBSon  fa¥nVeBSon + feveveSoe
000 (1 — fa)v2BSon (L = fa)¥nYeBSon (1 = fa)¥nYeBSon
el 000  (1-f)mrBSu (1 = fo)7iBSoe (1 = fo)veveBSoe
"o 0 0 0 0 0 |
000 0 0 0
000 0 0 0

0 —w 0 75 0 O

0 0 —w —@r 12 0

—w 0 0 -0 —0 ns



m=aptw m=p+06+60, 03 =p+0 n=m+e¢r 05 ="n+e¢n N =ag+w, and
P = Yn(Son + Ro+ Vo) +7eSos. The effective reproduction number R, ;¢ is the largest eigenvalue
of the matrix FV~! [40]. Hence R, 7¢ with controls called R, the only nonzero eigenvalue of

the matrix above, is given by the expression

201 _
éRcon _ B’)’n(l fn)SOn w + 67n7€(1 fn)SOn |:‘P_E£+ﬂ£:| |:ﬂ+ 97c:|
P 475 P Na T N5 Mal M2 7273
+ ’Y_ [57( f) on W +/87€( ff) o W :| (5)
N3 p 1475 P 2
L Jew [B’YnfnSOn n 5’Y£fz50z} n Bri(1 = fo)Sor w .
73 Te Y P Y T2

We use Expressions (4) and (5) to define the effective reproduction number for the model as

§Runc t< t()
Repr = ,

§Rcon t> tO

where %, is the time at which the control measures are implemented and behavioral changes
start. Note that when Soy = 0, p = 7,Np, where N, is the population at the disease free
equilibrium, so that with no controls, R.., in (5) reduces to Ryp. in (4).

The secondary cases for ¢t > ¢, can be explained as follows. The first term of (5), is the
contribution from the normally active class I,,, which is the product of the effective infectivity
BY2(1 — f)Son/p, the fraction w/n, through E, that goes to I,,, and the mean residence time
1/ns in I,. Because of behavioral changes, there are additional possible paths to infectious
classes for the fraction 1 — f,, who go to E,,. Of those in F,,, the fraction ¢g/ns go to E, and

19



then the fraction w/m; of these go on to ;. Of those in E,, the fraction w/ny go to I,, and
then the fraction ¢;/ns of these go to I,. Those in I; contribute some new infectious contacts
and some in I, move on to W where they produce more contacts. Thus the total contribution

to producing new infectious contacts due to behavioral change is

Bynye(1 — fo)Son [@ﬂ + ﬂ£:| [ﬂ + 07 :|
p Mam  MsNa] L2 m2m3

Now consider the paths of the new cases leading to the third term (second line) in (5). Of
the new cases starting in S,,, the fraction (1 — f,) go to E, with an effective infectivity of
BYnSon/p-  Of these the fraction w/ny go to I,,, and the fraction §/ns of those in I,, go to W,
in which they have a contact rate . and stay for a mean time 1/n3. The explanations for the
second term in the second line is similar with v,, Son, fn, 74, and 75 replaced by ., Soe, fe, 71,

and 7o. Thus the total contribution to producing infectious contacts of these new cases is

k B’Yn(l - fn)SOH wh + 67@(1 - fZ)SOZ wb
3 Y a5 P mmne

In addition, the fraction f,, of normally susceptible individuals go to ) with an effective
infectivity 37, Son, and the fraction w/ng of those in @ go to W, in which they have a contact
rate 7. and stay for a mean time 1/73. The explanations for the second term on the third line
are similar with the subscripts n replaced by /. Hence, the total contribution to producing

infectious contacts of these new cases is

kg ﬁ’YnfnSOn_i_B’WfZSOZ
13 MNe P p

The last term in (5), which is the contribution from the low infectivity class I, is the product
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of the effective infectivity 87 (1 — f¢)Soe/p, the fraction w/m through E, that goes to I,, and

the mean residence time 1/7, in I,.

5 Estimation of Parameter Values

Here the sources are given for the baseline parameter values in Table 2 that are used in the
numerical simulations. The incubation period for smallpox has been reported to be from
7 to 19 days, but the most common reported range is 10-14 days with a mean of 12 days
[13, 36, 38]. Afterward, smallpox patients experience a prodromal phase with symptoms such
as fever, malaise, prostration, headache, backache, and vomiting. This period lasts for 2 to
4 days with a mean of 3 days [7, 13]. Data on previous outbreaks show that patients have
very low infectivity during the prodromal phase [11, 14, 31]. Here, the prodromal phase is
combined with the incubation phase. Thus the mean time in the non-infectious stages denoted
by E, and Ey, here corresponding to the incubation period plus the prodromal period, has been
assumed to be 15 days, so that the transfer rate constant is w = 1/15.

Patients remain contagious for a period of approximately 14 to 17 days with a mean of 16
days [13, 23, 36], so that the recovery rate constant is § = 1/16. The case fatality rate of small-
pox (variola major) varies, but is reported to be about 30% among unvaccinated individuals
[13, 23, 26]. Without behavioral change or isolation, the fraction in the model dying from
smallpox is /(5 + p). Setting this equal to 0.3 yields u = 0.3§/0.7 = 0.0268.

Recent estimates on the transmission of smallpox indicate that 1 infected person may infect

3 to 6 others [12, 15]. Therefore, the product £+, of the probability of transmission and the
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contact rate in the normally active population was set equal to 3 (0 4+ u), so that Ry, = 3
in a completely susceptible population. The contact rates for the normally active, less active
and confined people are chosen so that a normally active individual would have 10 times more
contacts then a less active person and 100 times more contacts than a confined individual.
Thus Bve = 7,/10 and p7,. = $7,/100. Other ratios are considered in the sensitivity analyses
section.

A product (7 is often called an adequate contact rate, because it is the rate of contacts
that are sufficient for transmission [20]. When the numerators and denominators of the forces
of infection (3) are multiplied by 3, then the forces of infection depend on the products S+,
B, and B7.. Thus # does not have to be estimated independently in order to do the computer
simulations of the model for transmission and control. However, a value for the probability 8 of
transmission is needed in order to estimate quantities such as the total number quarantined and
the total number vaccinated using ring vaccination. The probability of smallpox transmission
during daily contacts in previous smallpox outbreaks have an average value of about 0.1 [33],
so we set B =0.1.

The baseline population size N for the community experiencing a smallpox attack is set at
one million and all are initially in the normally active susceptible class S,. Also the initial
fraction Ey,/N is 0.00001, so that Fyp, = 10, when N is one million. However, our model
scales linearly, so that if the initial population size N and the initial infected fraction Ej, are
both scaled up or down by the same factor, then the resulting solutions are also scaled by this

factor. Moreover, since Fjy, is much less than N, if Ey, is scaled up or down from 10 by less
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than an order of magnitude, then the results are also scaled by this factor. We assume that
the initially infected people enter the normally active exposed class E,. The average time for
these initially-infected people to move through the incubation class F, and become infectious
is 15 days. Then it may take about 5 days for public health officials to diagnose smallpox.
Hence, we assume that interventions and behavioral change start on day ¢y = 20 [33].

The transfer rate constant of infectives into isolation is § = 1/5 per day; that is, it takes
an average of 5 days to identify smallpox and isolate an infected person not found by contact
tracing. Using the values of €, §, and p in Table 2, we find that 69% of smallpox infectives
in the infective classes I,, and I, are moved to the isolation class, 22% recover, and 9% die on
our baseline simulations. Of the 69% moving into the isolation class W, 48% recover and 21%
die, so that 9% + 21% = 30% of those infected eventually die, which is consistent with the 30%
case fatality rate reported for smallpox.

The proportions f, and f;, of adequate contacts of normally and less active individuals
found by contact tracing and quarantined are set to 0.8 [27]. Recall that the quarantine class
Q contains people who were not only quarantined after being traced as a contact of an infective,
but also were latently infected. For every traced person who was latently infected due to an
adequate contact and moved into @, there are (1 — 3)/8 = 9 other people who are identified
by contact tracing and quarantined, but who do not become infected since their contat with an
infective was not sufficient for transmission. Note that these 9 other people were quarantined,
but were left in the susceptible class, since they were not latently infected. Thus with 8 = 0.1,

10% of those found by contact tracing move into @ and 90% stay in S, so that there are 9
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quarantined (not infected) people remaining in S for every 1 latently infected person moving
into (). Thus the total number of latently infected and uninfected people who are quarantined
is 10 (= 1/4) times the number moving into the quarantine class Q.

In ring vaccination we assume that people identified by contact tracing as having a contact
with a smallpox infective are vaccinated. Smallpox vaccination has been reported to prevent
disease if given within 4 days after infection [5]. Because people in the quarantine class
were identified by contact tracing, it is high priority to vaccinate them as soon as possible.
Therefore, it is assumed that 90% of quarantined people are vaccinated, but because of delays
in identifying index cases and finding their contacts, only 20% of quarantined individuals are
assumed to be successfully vaccinated within the first 4 days after exposure. Setting the
fraction ag/(ag + w) of people leaving the quarantined class by vaccination equal to 0.2 yields
ag = 0.2w/0.8 = 0.0167. For each person entering @, there are (1—£)/5 = 9 other people who
were identified by contact tracing and quarantined, but uninfected. Thus the total number
vaccinated, successfully or unsuccessfully, is 0.90 x 10 times the inflow into the quarantined
class Q.

The policy of mass smallpox vaccination implies that people to be vaccinated are chosen at
random. Hence, it is assumed that initially an average of 10,000 randomly selected people are
vaccinated a day (e.g. 100 vaccinators vaccinating 100 people per day [19]). Since 1% of the
population is initially vaccinated each day, ag = 0.01. If 80% of those vaccinated during their
first 4 days in F,, and F; become immune and the average time in F,, and E, is 15 days, then

only about 20% of those randomly chosen from E,, and E, would be successfully vaccinated, so
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that ap = 0.2ag = 0.002. Because the rates ag, ag, and ag are rates of successful vaccination
and the smallpox vaccine efficacy is about 95% [27], the actual vaccination rates would be
slightly (5%) higher.

The relative rates ¢;(I, + I;) given by equation (1) at which people change their behavior
depend on the total prevalence I,, + I, of infected individuals in the community. Thus the
behavioral change coefficients g, g, and ¢; increase as I,,+ I; increases (e.g. as more cases are
reported by the news), resulting in a net decrease in the total contact activity of the population
[1, 4, 35]. The parameters a; and b; in the expression (1) for ¢;(I,,,I,) with ¢ = S, E, or I were
chosen, so that a certain percentage change in behavior was achieved at day 60. In order to have
the asymptotic values a;/b; of the ¢; for large prevalences satisfy as/bs < ag/br < ar/bs, we
set all b; = 1000 and then chose the z in ag = 1000/z, ag = 1000/(z—1), and a; = 1000/ (z —2)
to obtain the desired percentages. For intervention with only high behavioral change (HBC),
x = 13 implies that 95% of the population had changed their behavior at day 60 after 40
days of behavioral change, which is an average behavioral change of 2.3% per day. Similarly
when the sole intervention is medium behavioral change (MBC), = 23 so that 82% of the
population had changed their behavior at day 60, which is 2% per day. With low behavioral
change (LBC), x = 38 so that 65% of the population had changed their behavior at day 60,

which is an average of 1.6% per day.
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6 Numerical Simulation Results

Sixteen intervention strategies are considered in the simulations. The eight intervention strate-
gies considered in Table 3 are no intervention or single interventions including isolation, quar-
antine, quarantine with ring vaccination (RV), mass vaccination (MV), high behavioral change
(HBC), medium behavioral change (MBC), and low behavioral change (LBC). The first strat-
egy in Table 4 of isolation combined with quarantine and ring vaccination corresponds roughly
to the basic CDC strategy [6]. The next three strategies in Table 4 add either high, medium,
or low behavioral change. The four strategies in Table 5 add mass vaccination to the four
strategies in Table 4.

All simulations assume that 0.001% infected individuals in a population of 1 million people
enter the incubation phase after being successfully infected during the smallpox attack. All
interventions start 20 days later. One column in Tables 3 to 5 identifies the effective reproduc-
tion number R, for each intervention. From this column, the impact of interventions in R,
are identified. The cumulative number of smallpox cases and the number of people affected
by the interventions are given at 60, 180, and 365 days after the introduction of smallpox into
the population. The final day in each table is the day on which the number of smallpox cases

reach 99% of the final epidemic size, which is a measure of the length of the smallpox outbreak.

6.1 Single Intervention Strategies

The first entry in Table 3 shows that almost everyone in the population is infected with smallpox

when there are no interventions. With only isolation of infectives the effective reproduction
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number R, of 0.9 is just barely below one, so that the epidemic decays very slowly with 296
smallpox cases at 365 days, and a final day over 4 years. When only quarantine is used, the
effective reproduction number R,,, is reduced to 0.6, so that the total cumulative smallpox
cases of 223 is lower and the final day is reduced to 318. Ring vaccination of quarantined
people, who were found by contact tracing, leads to a similar effective reproduction number
Reon, an earlier final day of 308, and slightly fewer total smallpox cases. Mass vaccination
leads to a similar final day of 256, but the total of 1640 smallpox cases at day 365 is much
higher than with the other interventions and over 95% of the population of 1 million has been
vaccinated on day 365.

The last three entries in Table 3 correspond to different levels of behavioral change as
the sole intervention. ~With high behavioral change in which an average of 2.3% of those
with normal activity levels reduce their daily contacts by a ten factor during the 40 days of
behavioral change, the final day of 166 is early and there are only 108 total smallpox cases, but
the behavioral change is so fast that over 95% have changed their behavior after 60 days. The
range 0.8-0.3 for the effective reproduction number R.,, means that it was initially 0.8, but
then it declined to 0.3 as the average activity level in the population decreased. With medium
behavioral change in which an average of 2% change their behavior per day, the final day is 208
and there are 306 total smallpox cases, but behavioral change is still extensive with over 82%
changed by day 60. With low behavioral change with an average of 1.6% change per day, over
65% and over 99.9% have decreased their contact activity by days 60 and 365. In this case the

final day is 274 and there are 1647 total smallpox cases on day 365, so these values are similar
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to those obtained with mass vaccination. The cumulative numbers of smallpox cases for some

of the interventions in Table 3 are shown in Figure 2.

6.2 Combination Intervention Strategies

In Table 4 the strategy of isolation combined with quarantine and ring vaccination is quite
effective with 55 total smallpox cases and a final day of 116. Moreover, there are only 209
people quarantined and 191 people vaccinated. Recall that this strategy corresponds roughly
to the basic CDC smallpox response strategy [6]. When behavioral changes are added to this
strategy, the results are even better. With high behavioral change the numbers quarantined
and vaccinated are cut in half, the total smallpox cases are down to 42, and the epidemic is
shorter with a final day of 89. The percentage who change their behavior is about 99% by day
365, so the average number of daily contacts in the population is significantly reduced. Results
with medium and low behavioral change have slightly more smallpox cases and slightly longer
epidemics, so they are slightly less effective.

Table 5 contains the same strategies as in Table 4, but with the addition of mass vaccination.
The results with mass vaccination are better, since there are 2 to 5 fewer smallpox cases and
the final days are 8 to 18 days earlier; however, the numbers of people vaccinated are very
large, since almost half of the population has been vaccinated on the final day. The cumulative

numbers of smallpox cases for some of the interventions in Tables 4 and 5 are shown in Figure

3.
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7 Sensitivity Analyses

Although the parameter values were estimated from epidemiological data, there is still some
uncertainty in their values. The sensitivity analyses in this section examine the effects of
changes in Ry, tg, and Ey, on the simulation results. We also examine the sensitivity of the
single intervention simulations to changes in the values of the parameters v;, 0, f;, ag, ag, and
ag. Unless otherwise stated, the other baseline parameters are fixed at their values in Table
2.

Effective reproductive number: The effective reproductive number R,,. determines the
average number of secondary cases infected by a typical primary case during the infectious
period when no control measures are present. Because the interventions are delayed by 20
days, the effective reproductive number R,,. governs the initial growth of the epidemic. Recent
estimates on R, have varied widely, but the most common range is assumed to be between 3
and 6. As R,,. was changed from 3 to 4, 5, and 6, the total number of smallpox cases increased
significantly as shown in Figure 4. The strategies that included high behavioral changes in
conjunction with the conventional intervention strategies (Figure 4, Part a and Part b) were
the most effective in reducing the total number of smallpox cases. Note that HBC caused
larger relative decreases in the total number of cases when R,,,. was 6 than when it was 3.

Start of interventions: Time is crucial when an epidemic strikes. When we changed the
start of the intervention combining isolation, RV and HBC from 20 days to 30, 40, and 50
days, the cumulative cases at 365 days increased dramatically from 42 to 78, 140, and 250,

respectively. Thus the epidemic is very sensitive to the delay in starting interventions and

29



informing the population about a smallpox outbreak. FEarly identification of smallpox cases
leading to rapid interventions and notification of the general public is very important in limiting
the size and length of an outbreak.

Index cases: The number of initially exposed individuals has a major impact on an epidemic,
since there are no interventions during the initial phase of the epidemic. In this model the
cumulative number of cases increases linearly with the number of index cases. For example,
increasing the number initially exposed by a factor of ten increases the total number of cases
at day 365 by a factor of ten.

Contact rates: We consider variations due to changes in the average contact rates v, and
v¢ for the normally active and less active populations, when high behavior change is the sole
intervention. When =, is decreased from 10 to 9, 6, and 3, while ~, is fixed but R,z decreases,
the epidemic size at day 365 decreases from 108 to 85, 42, and 25, respectively. When 7, is
increased from 10 to 20, 30, and 40, while -y, is fixed but R, ;s increases, the epidemic size at day
365 increases from 108 to 1281, 15,152, and 71,594, respectively. When the average contact
rate for the less active population, v, is decreased from 1 to 0.9, 0.6, and 0.3 while ~,, is fixed,
the epidemic size at day 365 decreases slightly from 108 to 104, 96, and 90, respectively. When
v¢ is increased from 1 to 3, 6, and 9, while +, is fixed, the epidemic size at day 365 increases
from 108 to 450, 253,106, and 938,163, respectively. Thus the simulation results are sensitive
to changes in the average contact rates.

Isolation rate: We varied the isolation rate 6, when isolation is the only intervention. When

the mean time in the infected class is increased from 5 days to 6, 7 and 8 days the epidemic
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size at day 365 increases from 296 to 857, 2723, and 8178, respectively. Contrarily when the
mean time is decreased from 5 to 4, 3 and 2, the epidemic size at day 365 decreases from 296 to
132, 78, and 53. Therefore, the early identification and isolation of infected individuals plays
an important role in slowing the spread of the epidemic.

Quarantine rates: Differences in the fraction found by contact tracing and quarantined
influence the cumulative number of infected persons. As f, and f; are decreased from 0.8 to
0.7, 0.6 and 0.5, the final epidemic size increases from 224 to 617, 4217, and 46,054, respectively.
As f, and f; are increased from 0.8 to 0.85, 0.9, and 0.95, the total number of smallpox cases
decreases from 224 to 170, 139, and 120, respectively. Thus the model is moderately sensitive
to decreases in the fraction of people quarantined after contact tracing.

Vaccination rates: We determined the sensitivity to changes in the vaccination rate ag,
for a ring vaccination only strategy. When ag is decreased from 0.2 to 0.15, 0.10, and 0.05,
the final epidemic size at day 365 increases from 191 to 199, 207, and 215, respectively. When
aq is increased from 0.2 to 0.4, 0.6, and 0.8, the final epidemic size at day 365 decreases from
191 to 159, 128, and 97, respectively. Thus the model is slightly sensitive to changes in the
vaccination rate ag.

Changes to the vaccination rates ag and ag for a mass vaccination only strategy influence
the final epidemic size. As ajg is decreased from 0.01 to 0.0064 and 0.0036, while ag is fixed, the
final epidemic size at 365 days increases from 1,641 to 8,518 and 49,352, respectively. As ag
is decreased from 0.002 to 0.001, while ag is fixed, the final epidemic size at 365 days increases

from 1,641 to 1,749. When ag is increased from 0.01 to 0.04 and 0.0225, while af is fixed, the
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final epidemic size decreases from 1,641 to 104 and 237, respectively. When ag is increased
from 0.002 to 0.005, while «ayg is fixed, the final epidemic size at 365 days decreases from 1,641
to 1,364. Therefore, the model is moderately sensitive to changes in the mass vaccination rates

ag and ag.

8 Discussion and Conclusions

The standard intervention procedures for smallpox control are isolation, quarantine, ring vac-
cination, and mass vaccination. Another factor that would affect the extent and duration of
a smallpox epidemic is the reduction in contacts of people in response to information about
the smallpox epidemic. Based on the extensive behavioral changes that occurred during the
SARS outbreaks, it is clear that similar reductions in contact rates would also occur after the
deliberate release of a biological agent such as smallpox. We used a computer simulation
model to examine the effects on the epidemic after a smallpox attack of the standard smallpox
interventions combined with behavioral change in the population. Although the changes in
behavior in our simulations are gradual and moderate, they have a dramatic impact on the size
and length of the smallpox epidemic.

The model has eleven compartments with six epidemiological and eight intervention param-
eters. The expression in equation (5) for the effective reproduction number R,,, for a smallpox
epidemic shows its explicit dependence on these parameter values and on the susceptible frac-
tions in the normally active and less active populations. The derivatives of R.,, with respect

to the parameters could be used to determine which parameters have the greatest effect on R.,,
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during the early spread of the epidemic [9, 37]. We analyzed the sensitivity of the duration and
final epidemic size to changes in the parameter values.

The numerical simulation results in Section 6 show that without any interventions,
almost everyone is infected by the final day. This is not surprising, since with an uncontrolled
reproduction number of 3, the initial growth is exponential and the final size is large. Simple
interventions used alone were simulated next. Isolation of infected cases reduced the effective
reproduction number just below one, so that the there were less than 300 total smallpox cases,
but the epidemic took over 4 years to die out. With quarantine and ring vaccination, the
total cases were around 200 and the epidemic died out in around 300 days. Random mass
vaccination did shorten the epidemic to about 260 days, but there were over 1600 smallpox
cases and over 90% were vaccinated by the final day. This confirms the CDC statements that
indiscriminate mass vaccination is not a reasonable smallpox response strategy [6].

In the simulations, behavioral changes without any other interventions were able to control
the epidemic. High behavioral changes (HBC) meant that each day, 2.3% of the population
reduced their contacts by a factor of ten. Simulations with HBC led to only 108 smallpox
cases with 166 as the final day. In other words, the behavioral change intervention was more
effective than any other single intervention. Moreover, behavioral changes were relatively fast
since over 95% reduced their daily contacts by day 60. Although global behavior change in the
population was simulated, the behavioral change intervention could be applied locally, since
only reductions in contact rates around those who are infected would lead to reductions in

secondary cases. Medium and low behavioral changes were also effective in controlling the
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epidemic, but there were more smallpox cases and the length of the outbreak was longer. Table
3 shows that the simple intervention of quarantine with ring vaccination is reasonably effective
in stopping the epidemic, but the best results in the table correspond to the simulation with
high behavioral change.

The combined strategy in Table 4 that consists of isolation, quarantine, and ring vaccination
corresponds roughly to the basic CDC smallpox response strategy. Given that the 10 original
cases are included in the final total cases and that interventions did not start until day 20, this
combined strategy was reasonably effective with only 55 total smallpox cases and a final day
of 116. Moreover, this combined strategy was reasonably inexpensive, since there are only 209
people quarantined and 191 people vaccinated. Thus the simulations confirm that the basic
CDC strategy would be reasonably effective and would probably not be too expensive.

For completeness, strategies that include mass vaccination are also considered. The four
strategies in Table 5 with mass vaccination do yield shorter outbreaks with fewer total smallpox
cases than the same strategies without mass vaccination. So the addition of mass vaccination
does lead to slightly better results, but the small improvements are probably not worth the cost
of vaccinating so many people. Our simulations show that following a smallpox release, mass
vaccination is the least effective strategy, when cost and logistic difficulties are considered.

Although parameter values are estimated using data, there is still uncertainty associated
with their values. We found that the simulation results are most sensitive to the uncertainty
in the effective reproduction number R,,. and the time ¢, at which interventions start. They

are also sensitive to the number Ej, of index cases, and the isolation rate 6.
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Reducing one’s daily contacts in response to information about the presence of smallpox
is a rational action that might be taken by many people in the community. Indeed, as the
perceived threat increases, more people would change their behavior and they would make
changes faster. Thus behavioral change would certainly occur without any specific actions
by public health officials. Of course, public health authorities and community leaders could
increase the extent and speed of these changes by actions such as encouraging people to stay
home or to avoid crowded places. Table 4 shows that the addition of behavioral change to
the basic CDC strategy decreases the total smallpox cases and shortens the outbreak. For
example, behavioral change by 2.3% per day reduces the smallpox cases by 13 and decreases
the final day by 27 days down to 89 days. With a mortality rate of 30%, the reduction of 13
cases would mean about 4 fewer deaths during the smallpox epidemic.

We conclude that for simulations of a smallpox outbreak to be useful in guiding public health
policy, they must consider the impact of behavioral changes. Behavioral changes might seem
inexpensive compared to isolation, quarantine, and vaccination, since there is no direct cost of
behavioral changes to the public health sector. However, there would be economic costs to
individuals and society related to lost work or increased school absenteeism, decreased business
revenues, missed events, postponed travel, etc. Thus local, regional, and national public health
officials and government leaders would need to weigh all factors before making recommendations
about having people stay home, closing schools, canceling events, etc. Indeed, this planning
could be done in advance, so that policies regarding recommendations on behavioral changes

would become part of the smallpox response plan. The simulations here are useful in providing
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estimates of the effects of these recommended behavioral changes.
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Figure 1: Schematic relationship between normally active and less active individuals (j = n, ¢)
for smallpox infection. The arrows that connect the boxed groups represent movement of
individuals from one group to an adjacent one. Susceptible individuals (S;) can become exposed
(E;), be quarantined (Q) or vaccinated (V). Exposed individuals (E;) can either become
infectious (I;) after an incubation period or be vaccinated (V). Quarantined individuals (Q)
can either be vaccinated (V') or isolated (W). Infectious individuals (I;) can be isolated (W)
or can either recover (R) or die (D). Similarly, isolated individuals (W) can either recover (R)

or die (D).

42



e

Parameter | Description Dimension | Baseline | Range | Reference
Rune Basic Reproductive Number 1 3 1.5-20 [12, 15]
6] Transmission rate 1 0.1 0-1 [33]
0 Recovery relative rate Day~! (16)~* 0-1 [13, 23, 36]
0 Isolation relative rate Day ! (5)! 0-1 [13]
W Death relative rate Day ! 0.0268 0-1 [13, 23, 26]
w Incubation relative rate Day ! (15)! 0-0.2 [13, 36, 38]
Qs Vaccination relative rate for susceptible individuals Day~! 0.01 0-1 [19, 27]
ap Vaccination relative rate for exposed individuals Day~! 0.015 0-1 (19, 27]
g Vaccination relative rate for quarantined individuals Day ! 0.0167 0-1 See text
s S» behavioral change relative rate Day ! 0.076 0-1 1, 4, 35]
VB E,, behavioral change relative rate Day ! 0.082 0-1 1, 4, 35]
o1 I,, behavioral change relative rate Day ! 0.089 0-1 1, 4, 35]
fn Fraction of \,,S,, found by contact tracing and quarantined 1 0.8 0-1 [27]
fe Fraction of A\;S; found by contact tracing and quarantined 1 0.8 0-1 [27]
N Population Size People 1 million | 0-7 billion | See text
Eon/N Initially infected fraction of the population 1 0.00001 0-1 See text

Table 2: Parameter definitions and values that fit the cumulative number of cases for the model.




Table 3: Estimates of cumulative total smallpox cases for single intervention strategies.

Intervention R® | 60 days | 180 days | 365 days | Final day®
None 3 181 133,729 | 966,971 307
Isolation 0.9 63 179 296 1602
Isolated 35 117 198 310
Quarantine 0.6 89 204 223 318
Quarantined 634 1,295 1,403 1,396
Ring Vaccination 0.6 83 176 191 308
Quarantined 633 1,28/ 1,386 1,378
Vaccinated 573 1,170 1,264 1,256
Mass Vaccination 2.9 135 1,392 1,640 256
Vaccinated 329,544 | 791,490 954,601 895,040
High Behavioral Change 0.8-0.3 69 107 108 166
Changed Behavior 953,939 | 999,981 999,986 999,973
Medium Behavioral Change | 1.3-0.3 96 298 306 208
Changed Behavior 824,422 | 998,983 999,93 999,656
Low Behavioral Change 1.7-0.3 120 1,345 1,647 274
Changed Behavior 651,100 | 984,864 999,471 998,352

% Number of infected per infectious person when interventions are present in the population.
b Days from infection of index cases until outbreak is controlled (when the number of cases reaches 99% of the

final epidemic size).
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Table 4: Estimates of cumulative total of smallpox cases for combination intervention strategies.

Intervention Re, | 60 days | 180 days | 365 days | Final day®
Isolation & RV 0.2 47 55 55 116
Isolated 31 39 39 38
Quarantined 183 211 211 209
Vaccinated 167 192 193 191
Isolation, RV & HBC | 0.1-0.04 40 42 42 89
Isolated 2/ 27 27 26
Quarantined 95 98 98 97
Vaccinated 86 89 89 89
Changed Behavior 953,741 | 999,850 999,858 994,933
Isolation, RV & MBC | 0.1-0.04 42 46 46 92
Isolated 27 30 30 29
Quarantined 121 126 126 126
Vaccinated 110 115 115 114
Changed Behavior 824,113 | 997,136 997,568 956,871
Isolation, RV & LBC | 0.1-0.07 44 48 48 97
Isolated 28 32 32 32
Quarantined 140 149 149 148
Vaccinated 128 136 136 135
Changed Behavior 650,772 | 974,123 977,478 867,472

% Number of infected per infectious person when interventions are present in the population.
b Days from infection of index cases until outbreak is controlled (when the number of cases reaches 99% of the

final epidemic size).
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Table 5: Estimates of cumulative total of smallpox cases for combination intervention strategies.

Intervention R | 60 days | 180 days | 365 days | Final day®
Isolation, RV & MV 0.2 45 50 50 98
Isolated 29 34 34 34
Quarantined 158 169 169 169
Vaccinated 329,881 | 798,113 968,190 544,456
Isolation, RV, MV & HBC | 0.09-0.04 38 40 40 81
Isolated 23 25 25 24
Quarantined 80 81 81 81
Vaccinated 329,830 | 798,115 968,215 458,389
Changed Behavior 871,356 | 892,705 892,706 889,765
Isolation, RV, MV & MBC | 0.1-0.04 40 42 42 83
Isolated 25 27 27 27
Quarantined 103 103 103 103
Vaccinated 329,844 | 798,11} 968,209 470,183
Changed Behavior 730,278 | 818,525 818,564 795,056
Isolation, RV, MV & LBC 0.1-0.08 42 44 44 86
Isolated 26 29 29 28
Quarantined 119 121 121 121
Vaccinated 329,854 | 798,315 968,204 484,303
Changed Behavior 554,902 | 716,709 716,992 658,561

% Number of infected per infectious person when interventions are present in the population.
b Days from infection of index cases until outbreak is controlled (when the number of cases reaches 99% of the

final epidemic size)
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Figure 2: Cumulative number of smallpox cases for various single intervention strategies. An
intervention of high behavioral change only leads to 108 total smallpox cases (()) while ring
vaccination only leads to 191 total smallpox cases (A). A quarantine only strategy leads to

223 total smallpox cases (O) and isolation only leads to 296 total smallpox cases (<).
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Cumulative number of smallpox cases for combination intervention strategies
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Figure 3: Cumulative number of smallpox cases for combination intervention strategies. An
intervention that combines isolation, ring vaccination (RV), mass vaccination (MV), and high
behavioral changes (HBC) leads to only 40 total smallpox cases ((O) while isolation, RV and
HBC leads to 42 total smallpox cases (A). An intervention that combines isolation, RV and
MV leads to 50 total smallpox cases ((J) and a strategy that only combines isolation and RV

leads to 55 total smallpox cases (<).
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Figure 4: Cumulative number of smallpox cases for combination intervention strategies for
different values of ;. a. An intervention strategy that includes isolation, RV, MV, and HBC is
implemented. The final epidemic sizes for ,=3, 4, 5, and 6 are 40, 60, 87, and 124, respectively.
b. An intervention strategy that includes isolation, RV, and HBC is implemented. The final
epidemic sizes for =3, 4, 5, and 6 are 42, 65, 96, and 140, respectively. c. An intervention
strategy that includes isolation, RV, and MV is implemented. The final epidemic sizes for
Ro=3, 4, 5, and 6 are 50, 81, 128, and 198, respectively. d. An intervention strategy that
includes isolation and RV is implemented. The final epidemic sizes for R;=3, 4, 5, and 6 are

55, 94, 156, and 254, respectively.
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